Abstract: Idle speed control of ultra-lean burn engines continues to be a major focus of automotive engineers owing to the benefits offered in terms of fuel economy and emissions reduction. This paper applies a recently proposed linear time varying model predictive approach for the idle speed control of ultra-lean burn internal combustion engines. Unlike conventional gasoline engines, the approach uses fuel flow as the primary control variable to compensate for sudden fluctuations in engine load resulting in a fuel assisted idle speed control strategy. Simultaneously, the spark angle is maintained at a value so as to yield maximum brake torque while the emissions are reduced to negligibly low levels by constraining the engine operation to ultra-lean burn mode. The technique is demonstrated on an inline prototype 4-litre, 6-cylinder hydrogen fuelled internal combustion engine.
INTRODUCTION
At idle, it is desirable to maintain engine speed at a defined set-point in presence of known and unknown load disturbances. Better disturbance rejection permits lower idle which is directly related to reducing fuel consumption, particularly since an average passenger car spends a significant amount of time at idle during its normal city driving. The persistent emphasis to adequately address this problem is compounded by the desire to minimize fuel consumption together with increasingly stringent legislative emissions regulations.
For gasoline engines, the problem of idle speed control has now been well researched both in industry and academia (Hrovat and Sun (1997) ). Coordinated spark angle and throttle actions deliver the necessary control action for maintaining engine operation at idle while the air-to-fuel ratio is maintained at stoichiometry to minimize tailpipe emissions. The primary control is throttle, which due to manifold filling and emptying has a slow response to the load fluctuations. So, spark angle is used as a second control input to provide fast response in the face of load disturbances. In order for the spark to be prompt in disturbance rejection, it is retarded from its MBT (maximum brake torque) value to maintain some torque reserve. This torque reserve is used to compensate for load fluctuations. The downside of retarding the spark is that it comes at the expense of fuel economy. In recent times, there has been a growing impetus to minimize reliance on crude oil and reduce emissions of greenhouse gases. Lean burn gasoline operation offers lower HC and CO but is only feasible with direct injection stratified charge (Grizzle et al. (2001) , Kerns and Surnilla (2006) ) and typically requires a lean NO x (oxides of nitrogen) trap (LNT).
On the other hand, ultra-lean burn operation ensures that combustion temperatures are low enough so that NO x formation rates are too slow. Nevertheless, widespread use of gasoline ultra-lean operation so far has been limited due to the numerous practical challenges associated with its implementation.
This motivates the use of hydrogen internal combustion engines (H 2 ICE) (White et al. (2006) ). The low leanflammability limit of hydrogen allows stable combustion at highly dilute conditions (unlike gasoline) indicating the feasibility of ultra-lean burn operation with hydrogen as fuel. In addition, for H 2 ICE, in principle, NO x are the only undesirable engine out emissions, formed by the thermal dissociation and oxidation of nitrogen in air during combustion. The coupled effect is that when H 2 ICE is operated in ultra lean burn mode the engineout emissions are negligible. By using a turbocharged engine (as in this work), pressure in the intake side can be boosted resulting in an increased air-mass flow into the engine which allows to preserve ultra-lean burn operation even at high loads. Furthermore, unthrottled operation (a consequence of high intake manifold pressures) is feasible even at low loads (as experienced during engine idling) resulting in significant drop in pumping losses leading to much improved engine efficiency.
To ensure ultra-lean burn operation, high manifold pressures and MBT spark angle, the engine control inputs are subject to constraints in addition to the hardware limitations. These arise because the engine speed should not drop below the acceptable minimum even in the face of sudden load changes to eliminate any possibilities of engine stalling. Therefore, optimizing the engine operation at idle is a multivariable control problem where the control inputs and engine states are subject to constraints. A commonly adopted approach to tackle such problems is model predictive control (MPC) (Mayne et al. (2000) ) and is adopted for the controller development in this paper. For idle speed control of gasoline engine using model predictive control some preliminary simulation based studies are conducted in (Hrovat and Zheng (1994) ) and more recently in (del Re et al. (2010) ).
The aim of this paper is twofold: firstly, an idle speed controller for ultra-lean burn engines is developed using model predictive control theory developed in (Sharma et al. (2010) ). The control design is based on the successive online linearizations of an approximate discrete time nonlinear engine model about the current operating point so as to alleviate the challenges of computational burden that arises from nonlinear model predictive control. Secondly, the validity of the approach is illustrated on the idle speed control of a prototype 4-litre, 6 cylinder ultra-lean burn turbocharged H 2 ICE. Owing to the high lower heating value of hydrogen, the H 2 ICE can generate sufficiently high engine brake torque, even during ultra-lean burn operation, enabling fuel-assisted idle speed control. Consequently, any sudden changes in the load toque demand are compensated for by varying the fuel flow and, hence, the need for spark retard from MBT (as in conventional gasoline engines) can be relaxed to achieve improved fuel economy and higher engine efficiency. Simultaneously, the engine operation with high manifold pressures is prompted to reduce losses due to throttling. The effectiveness of the model predictive controller is illustrated by real time experimental validation.
ENGINE MODEL
This section presents a control oriented mathematical model of spark-ignition engines that is used to devise a model based control scheme. By using the properties of engine dynamics and engine geometry it is possible to demonstrate that a high order control oriented mean value model of turbo-charged spark ignition engine can be closely approximated by a 5 th order system, states of which include pressures in intake manifold, intercooler and exhaust manifold and speeds of engine and turbocharger (Sharma et al. (2011) ). When the engine is operating at idle the turbocharger is rotating at a very low speed and consequently does not provide any appreciable boost in the intake side of the engine. This permits reduction of the engine model to only two states, namely, intake manifold pressure (P im ) and engine speed (N e ) while ignoring the dynamics of the states corresponding to turbocharging. The dynamics of P im are governed by manifold filling and emptying dynamics while those of the N e are based on rotational dynamics of the crankshaft. Accordingly, the dynamics of P im and N e are given by the following set of differential equations:
where, u th , u SA and u λ are the control variables and denote throttle area in m 2 , spark angle in degrees before top dead center (BTDC) and air-to-fuel ratio stoichiometric, respectively. T load is the load torque disturbance. Functionsṁ imin ,ṁ imout and T e stand for mass-flow in and out of the intake manifold and engine brake torque, respectively. A regression for T e at idle can be obtained using idle speed data (an example of this is given in Section 4 for the idle speed control of hydrogen engine). Expressions ofṁ imin andṁ imout are given as follows (Guzzella and Onder (2004) ):
where,
In (1)- (4), J e , V im , n cyl , η vol and V d represent engine inertia, intake manifold volume, number of cylinders, volumetric efficiency and volumetric displacement, and are engine specific quantities. γ = 1.38 denotes the ratio of specific heats and R = 287.058 Jkg −1 K −1 symbolizes the gas constant. T im is the temperature of the intake manifold while P amb and T amb denote the ambient pressure and temperature, respectively.
It may be noted that mean-value engine models of the form (1)-(4) have often been adopted in the idle speed control literature (see for example Stotsky et al. (2000) , Li and Yurkovich (2001) , Manzie and Watson (2003) ).
IDLE SPEED CONTROL OF ULTRA-LEAN BURN ENGINES
This section summarizes the objectives associated with the idle speed control of ultra-lean burn engines and present a mathematical formulation of this problem. This is followed by a succinct description of the idle controller design technique that has been adopted.
Idle speed control problem
Idle speed control problem is to maintain the engine speed at a defined set-point in presence of load disturbances. In its simplest form, it can be seen as a disturbance rejection and a tracking problem. The choice of the idle set-point is crucial as it has a direct impact on the fuel consumption. It is obvious that the lower the engine speed at idle the lower is the fuel consumption. However, lowering of the idle speed set-point is limited by two factors. First, as the engine speed is lowered the noise, vibration and harshness (NVH) quality deteriorates. Second, in the face of sudden changes in the load disturbances the under speeding may completely stall the engine and the engine control system should completely eliminate the possibility of such an undesirable event by ensuring prompt disturbance rejection.
Important considerations which govern the development of an idle speed control include minimization of the fuel consumption and the emissions reduction. In the context of ultra-lean burn engines (for example H 2 ICE), these objectives are tantamount to meeting the constraints on the engine control inputs as discussed in the following:
(1) Air to fuel ratio, u λ : The idle speed control approach presented in this paper uses u λ as the primary control variable to generate a sudden increase in torque demand associated with a step increase in load demand and change in speed set-points. However, its operational range is upper and lower bounded by practical considerations. In order to maintain low NO x emissions (the only engine out emissions in the context of H 2 ICE), the engine should be operated ultra-lean (u λ ≥ 2.5). On the other hand, as the value approaches a limiting value (called the lean limit, u λ ≤ 6.5 for H 2 ICE), the combustion stability deteriorates rapidly. (2) Spark Angle, u SA : In the conventional gasoline engines, u SA is mainly used for disturbance rejection done by retarding the u SA from the value which yields best torque (u MBT SA ). This, however, comes at the expense of fuel economy. The idle speed control approach for ultra-lean burn engine proposed in this paper, does not require spark retard as the excess torque is delivered by adjusting the fuel flow. Consequently, the proposed control scheme is devised to ensure u SA remains as close as possible to u MBT SA . Nevertheless, the spark timing should be maintained within a certain range under all conditions (to eliminate possibilities of over-advance and over-retard from u MBT SA , both of which have undesirable combustion effects). (3) Throttle, u th : The primary constraining factor with u th is its slow response (in comparison to u λ and u SA ) due to the limitations associated with the maximum achievable rate of change of its position. Additionally, the maximum throttle opening area is also constrained by physical limits.
Clearly, our primary objective is to maintain the speed to a desired set-point while ensuring the constraints on the constraints on the control inputs are met (which in turn yield improved fuel economy and reduced emissions). The multivariable nature of the control problem and the presence of constraints prompt the use of MPC theory.
To develop a model predictive idle speed controller, the engine model (1)- (2) is expressed in the following nonlinear state-space representation:
T ∈ U ⊂ R 3 . X and U are compact sets and the function f : R 2 × U denotes the right hand side of the set of equations (1)-(2).
Use of discrete time MPC theory entails discretization of control oriented engine model (5)-(6). Based on an appropriate choice of sampling period and a numerical integration method (such as Euler), a discrete time model of the following form is obtained:
Let k be the current time instant, x k be the current state and u k−1 be the previous input. The following cost function is defined:
where, ∆x k+i = (
T is the reference vector with N e,ref being the idle speed setpoint, ∆u k = [∆u k , . . . , ∆u k+N −1 ] represent sequence of control inputs over a horizon length N where ∆u k+i,k with i = 0, . . . , N denotes the change in control inputs. Weighting matrices Q and R are chosen to be positive definite diagonal matrices and R MBT SA > 0. Clearly, J N (x k , ∆u k ) as per (8) penalizes deviation in states and sudden changes in control inputs, and ensures that the spark is maintained to yield MBT. Accordingly, the idle speed model predictive controller should solve the following nonlinear optimization problem at each sampling instant:
subject to
Since (10) is nonlinear, the optimization problem (9)-(13) is a nonlinear optimization problem which makes its online implementation a cumbersome task. Therefore, an approximation of (10) that involves successive online linearizations is used to alleviate the computational burden as summarized in the next subsection.
Linear time varying model predictive control
In order to counter the computational complexity due to nonlinear MPC associated with the solution of (9)-(13), the linear time varying (LTV) MPC approach presented in (Falcone et al. (2008) , Sharma et al. (2010) ) is applied to devise an idle speed controller for ultra-lean burn engines. In (Sharma et al. (2010) ), results of (Nešić and Teel (2004) ) and (Falcone et al. (2008) ) are collectively used to counter the effects of discrete time approximations and limitations of real time computational abilities. For completeness, the LTV-MPC formulation for the idle speed control of ultralean burn engines is summarized here which is experimentally validated in Section 4 on an H 2 ICE. Nevertheless, the experimental validation requires online tuning of the cost function used in the design of LTV-MPC.
Let, x 0 ∈ X and u 0 ∈ U be an operating point and x 0 (k) be the state trajectory obtained by applying the input sequence u(k) = u 0 to the approximate discrete time model (7) for k ≥ 0 withx 0 (0) = x 0 . Then a linearized model of the discrete time nonlinear system (7) can be written as follows:
where, matrices A k,0 ∈ ℜ 2×2 and B k,0 ∈ ℜ 2×3 are obtained upon the linearization of system (7):
and
Thus, the model predictive controller solves the following optimization problem each sampling instant:
where, x i,k for i = k + 1, . . . , k + N denote predicted states given state x k,k with x k,k = x k .γ is defined as follows:γ = Σ N −2 j=0 ∆x T k+1+j,k+1 Q∆x k+1+j,k+1 − ∆x T k+j,k Q∆x k+j,k . In the above formulation, (17)- (20) denote the constraints on the engine states and control inputs while (21)- (22) signify the stability constraints.
APPLICATION TO IDLE SPEED CONTROL OF H 2 ICE
Idle speed control of ultra-lean burn engines using a model predictive controller of the form (16)- (22) is now illustrated on H 2 ICE. The experimental tests are performed on a Ford inline 6-cylinder 4-litre engine. A picture of the test facility is shown in Fig. 1 . An idle speed control model for this engine is given by (1)- (2) where regressions for T e , η vol and u
MBT SA
are obtained from data corresponding to engine speeds from 600 rpm to 800 rpm, P im from 60KPa to 100KPa, u λ from 2.5 to 6.0 and u SA from 10 to 50 degrees BTDC. Fig. 2 displays the plots of the measured versus modelled T e (root mean square error is 4.33 Nm) where the following regressions for T e is obtained from the idle speed data: Te = 9.02 × 10 −9 P 2 im − 1.09 × 10 −5 P im Ne − 0.0004P im u λ +9.68 × 10 −6 P im u SA + 0.0020P im − 0.01645N Similarly, η vol is modelled as follows:
where, γ 0 = −0.18597, γ 1 = 0.020123 and γ 2 = −0.00012483 are obtained using the engine data. (24) is a standard control oriented model for η vol (Guzzella and Onder (2004) ). The values of the constant parameters which characterize this engine are given in Table 1 . A regression to approximate u MBT SA , used in (8), as a function of P im , N e and u λ is given as follows: The values of constraints imposed on the states and control inputs, as per (18)- (20) are presented in Table 2 .
Experimental setup
The experiments are conducted on the engine dynamometer facility shown in Fig. 1 . The idle speed controller is implemented in Simulink using Embedded MATLAB functions where Hildreth's quadratic programming procedure is programmed to solve the optimization problem (16)- (22) (Wang (2009) Throttle valve is actuated via a DC motor and controlled using pulse width modulation and a H-bridge. Two Bosch ignition modules (each comprising of three channels) are used to drive the ignition coils and Prins fuel injection system (which generates peak and hold current commands) is used for the purpose of driving the Keihin gas injectors. Based on the measured engine speed, crankshaft position and top dead centers of six cylinders, MABx generates fuel injection and ignition commands. The sampling rate is chosen to be 0.01 seconds which is chosen to be shorter than the duration between successive engine combustion events given by
For experimental testing, the following two scenarios are considered to evaluate the disturbance rejection and setpoint tracking capabilities of the idle speed control scheme: (1) Scenario I : The first experimental scenario involves rapid changes in the load demand (T load ) while the idle speed set-point is fixed at 680 rpm and the setpoint for P im is 67 KPa. The weighting matrix Q is chosen as diag(0.01, 100) to place greater penalty on engine speed deviation from N e,ref .
Weighting matrix R = diag(1, 0.1, 0.01) to allow fuel flow to respond the fastest while we set R MBT SA = 10 so as to ensure u SA remains as close to u MBT SA as possible. The changes in load demand take place at 21 seconds (from 20 Nm to 37 Nm), 50 seconds (from 37 Nm to 30 Nm) and 80 seconds (from 30 Nm to 20 Nm). The load changes are applied over a ramp time of 100 milliseconds using the dynamometer. The responses of engine states and control inputs are presented in Fig. 3 .
As shown in Fig. 3(a) , due to an increase in the load demand at 21 seconds, the engine speed undergoes a transient dip of 25 rpm. But the prompt control action signified by change in the u λ value from 5.9 to 4.7 resulting in the increased fuel flow, the engine regains the set-point of 680 rpm in about 60 engine cycles. Similarly, when the decrease in the load demand at 50 and 80 seconds takes place the engine speed undergoes an overshoot, accompanied with a decreased fuel flow. Throughout the experiment u SA remains close to the u MBT SA value (where u MBT SA is calculated online as per (27)). Since, u λ (and consequently the fuel) is the primary control for disturbance rejection, a fuel assisted idle speed control strategy is achieved and u SA is maintained at the u MBT SA value. This is unlike the conventional idle speed control schemes whereby disturbance rejection is performed by retarding the u SA from u MBT SA to generate a torque reserve. (2) Scenario II : In this scenario, the load torque demand is maintained at a fixed value of 28 Nm and the setpoint for P im is set at 70 KPa while the engine idle speed set-point is step changed at 25 seconds (from 680 rpm to 740 rpm), 50 seconds (from 740 rpm to 710 rpm) and 75 seconds (from 710 rpm to 680 rpm). The values of Q, R and R
MBT SA
are the same as in Scenario I. The responses of engine states and control inputs are shown in Fig. 4 .
It is clear from Fig. 4(a) that the engine speed accurately tracks the desired speed set points. In response to the step rise in the speed set-point, the u λ (consequently u MBT SA ) which is the fast actuator undergoes a rapid undershoot (signifying momentary rich operation for increasing the fuel flow leading to increase in the engine torque and hence increased engine speed), whereas the throttle angle (being slow in response) changes gradually. Throughout the experiment u SA tracks u MBT SA which is calculated online as per (27) . The undershoot in the u MBT SA response at 25 seconds is due to the momentary rich operation in response to the step rise in speed set-point.
Comparison of LTV-MPC with production PCM
The experimental Scenarios I and II are repeated with Ford PCM idle speed controller on the same 6 cylinder engine but running on gasoline. Comparison of the LTV-MPC with production controller is shown in Fig. 5 . As expected, due to the combined effect of ultra-lean burn operation and the use of LTV-MPC, the proposed LTV-MPC based idle speed control results in significant improvements over the production controller both in terms of disturbance rejection (as shown in Fig. 5(a) ) and set-point tracking (as per Fig. 5(b) ). 
